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ABSTRACT 

An Investigation has been conducted in the Langley 16-foot 
transonic tunnel to determine the effectiveness of utilizing solid 
circular cylinders to simulate the jet exhaust plume for a series of 
four isolated circular arc afterbodies with little or no flow 
separation. This investigation was conducted at Mach numbers from 0.40 
to 1.30 at 0° angle of attack. Flume simulators with simulate r 
diameter to nozzle exit diameter ratios of 0.82 t 0.88, 0.98, and 1.0C 
were investigated with one of the four configurations while the 0.82 
and 1.00 simulators were investigated with the other three. Reynolds 
number based on maximum model diameter varied from approximately 
1.50 x 10 6 to 2.14 x 10 6 . 

Results of this investigation indicate that, for jet total- 
pressure ratios near 2, jet-on boattail pressure coefficient 
distributions and pressure drag coefficients for any of the 
configurations are closely approximated at the low subsonic Mach 
numbers (eg. M * 0.40 and 0.60) by one of the smaller diameter 
simulators (diameter ratios of 0.82 or 0.88), while at the higher 
subsonic and transonic Mach numbers (eg. M * 0.80 to 1.30) use of one 
of the larger diameter simulators (diameter ratios of 0.98 or 1.00) 
resulted in good approximations of the jet-on pressure coefficient 
distributions and drag coefficients. However, use of one of the larger 
diameter simulators at all Mach nunbers would generally result in 
pressure coefficient distributions and drag coefficients useful for 
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preliminary design work. The two theoretical methods of boattail 
pressure coefficient distribution prediction evaluated as a part of 
this investigation generally gave reasonably good approximations to the 
jet-on (again, jet total-pressure ratios near 2) boattail pressure 
coefficient distributions but the resultant pressure drag coefficients 
were not satisfactory. 
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CHAPTER I 
INTRODUCTION 

One of ehe most critical areas In the design of an aircraft as 
far as the requirement for a low drag configuration is concerned Is in 
the area of the afterbody and nozzles. The flow In this region Is 
extremely complex with upstream disturbances Interacting with the 
expansion and succeeding recompresslon on the boattall surface and 
both Interacting with the jet exhaust plume. It Is therefore 
Important to obtain knowledge of the afterbody and nozzle flowfleld 
and resultant drag as early as possible in the design procedure to 
insure that the afterbody-nozzle design Is the best possible. 
Unfortunately, wind tunnel models for afterbudy-nozzle Investigations 
which Include means to simulate the jet exhaust are extremely complex 
and costly; both of which work to the disadvantage of the designer In 
his attempt to obtain data early In the design procedure. The 
complexity associated with the Internal plumbing required for. the jet 
simulation medium whether It be air. H^O^. H^, or propane, etc. 
means that there Is a long lead time between the Initial requirement 
for a model and Its design and completion. The cost of this type of 
model also helps to deter the construction of the model until the 
configuration lines are frozen to be aura that the model will 
correctl” represent the final selected configuration. 

It would therefore be ext tamely advantageous to devise a method 

whereby the afterbody-nozzle pressure distributions and hence drag 
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of a configuration could be reasonably well predicted early in the 
design process either analytically or by use of a relatively cheap 
wind-tunnel model. An attempt at a cheap, staple substitute for jet 
simulation has been used by Lewis Research Center and others 
(refs. 1 to 13 - These references are all which could be found by the 
author at this writing which utilize this technique for simulating 
the jet effects of a jet engine exhaust plume at subsonic and 
transonic speeds.). This method involves the use of a sting mounted 
model with a "jet boundary," "sting," or "plume" simulator (hereafter 
referred to as a simulator) which is normally a circular cylinder 
mounted on the model support sting whose diameter Is equal to that of 
the nozzle exit, thus simulating the on-design jet plume shape when 
external flow effects on the plume are neglected (refs. 13 fo 17). 
On-design means that the exit static pressure of the jet equals the 
free-streaa static pressure. For convergent nozzles, like those of 
this investigation, this occurs at a jet total-pressure ratio, 

P t j/Poc* about 1.9. At jet total-pressure ratios below this point 
the nozzle flow is not choked and thus the exhaust remains subsonic 
while at pressure ratios above this the exhaust flow 1s underexpanded 
and the exhaust plume will billow out trying to equalise static 
pressure ^th the free stream. 

Note: References 1 to 13 and this investigation are limited 

solely to the simulation of the effects of the exhaust from a jet 
engine at subsonic and transonic speeds and thus the references 
exclude all work on the simulation of jet engine exhaust effects at 
supersonic speeds and the simulation of rocket engine exhaust 
effects at all speeds. A typical example of the former is reference 
13 while references 19 and 20 are typical examples of the latter. 
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The decision to eliminate work on simulation of both Jet engine and 
rocket plume effects at supersonic speeds was made because the pine 
blockage effect predominates at those speeds and can be reasonably 
well predicted with techniques such as the method of characteristics 
(ref, 18). Work on rockets at subsonic and transonic speeds was 
excluded because rocket engines generally operate at very high jet 
total-pressure ratios and thus operate underexpanded due to nozzle 
weight considerations and at these conditions the plume is 
definitely net a circular cylinder (refs. 21 to 23). 

Although this method has been used a number of times there has been 

lictle verk done tc determine its validity. Most previous 

comparisons between models with simulators and models with blowing 

jets have been between models of two different scales* or even 

between model scale and full scale. As a result, any agreement 

between models could be fortuitous or any disagreement could be 

due to other factors such as Reynolds number differences, model 

support system differences, or variations In Instrumentation location 

and accuracy between tests. 

In order to assess the validity cf using simulators an 
investigation utilizing simulators of various diameters was conducted 
in the Langley 16-foot transonic tunnel in conjunction with the air 
powered model investigation of several circular arc afterbodies 
(refs. 24 and 25) • 

The investigation was conducted at Mach auofcers from 0.4C to 1.30 
at 0° angle of attack (The Investigation of references 24 and 25 
covered the same Mach number range with jet total-pressure ratios 
varying from jet-off to about 6 depending on Mach number. )• Of those 
afterbodies reported in references 24 and 25 only those with little 
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or no boundary layer separation will be reported la this paper. In 
addition to evaluating the usefulness of the s Isolators too 
theoretical techniques for the prediction of afterbody pressure 
distributions for nonseparated afterbodies (refs. 26 and 27) will be 
evaluated. There are no n e rou e other theoretical techniques for 
afterbody pressure distribution prediction. Sows are strictly 
invlscld (eg. refs. 28 to 32) while others add a boundary layer 
solution (eg. refs. 13, and 33 to 35) but It was felt that the two 
aethod8 examined herein would be representative of the current 
"state of the art.” 



CHAPTER II 

EXPERIMENTAL APPARATUS AND PROCEDURE 
Wind Tunnel 

This investigation was conducted in the Langley 16-foot transonic 
tunnel, which is a single- re turn, continuous, atmospheric tunnel. The 
test sectio- is a regular octagon in cross section with slots at the 
corners of the octagon. The tunnel speed is continuously variable 
fron Mach 0.20 to 1.30. Further description of the Langley 16-foot 
transonic tunnel can be found in references 36 to 38. 

Model and Support Systea 

A sketch of the single-engl. e nacelle model used in the air 
powered portion of this investigation (refs. 24 and 25) is shown 
in figure 1 with a typical circular-arc boattall configuration 
attached. Figure 2 is a photograph of the nacelle model installed in 
the Langley 16-foot transonic tunnel. The cc .-cylinder nacelle had a 
rounded shoulder at the junction of the conical nose and cylindrical 
section. In this nacelle- dry, high-pressure air at a stagnation 
temperature of about 274K is Introduced from the high pressure plenum 
perpendicularly to the model axis into the low pressure plenum through 
eight multi-holed sonic nozzles spaced at equal angles around the axis 
of the high pressure plenum and thence accelerated rearward. The flow 
smoothing screens in the model tailpipe were constructed of 0.6 35- en- 
mesh, 0.0635 cm-diameter-wire screen supported by four vanes. 
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Figure 1.- Sketch of air-powered cone-cylinder model with a typical circular arc convergent 
nozzle Installed. All dimensions are In centimeters unless otherwise noted. 





Figure 2,- Air powered model with configuration 4 attached installed in the Langley 
16-foot transonic tunnel. 
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For the simulator investigation the conc-cylinder single engine 
nacelle model was modified by the addition of an internal sting 
arrangement to provide a support for the various simulators. A sketch 
of the modified model is shown in figure 3 with a typical circular- arc 
boattail configuration attached. Figure 4 is a photograph of the 
nacelle model installed in the Langley 16-foot transonic tunnel with 
a typical configuration and d g /d e c 1.0 simulator attached. 

The model was supported in the tunnel by a sting-strut support 
system, the swept strut being attached to the nose of the model as 
shown in figures 1 to 5. The center line of the model was located 
on the wind-tunnel center line, with the center line of the sting 
55.88 cm below that level. The sting was 5.08 cm by 10.16 cm in 
cross section with the top and bottom capped by half-cylinders of 
2.54 cm radius. The strut blade was 5 percent thick with a 50.8 cm 
chord in the streamwise direction and with the leading and trailing 
edges swept 45°. 

A sketch of the model and support system is shown in figure 5 
along with corresponding cross-sectional area distributions. The 
model blockage was 0.099 percent of the test-section cross section, 
and the maximum blockage cross section of the model and support 
system was 0.148 percent. The sting-strut positioned the moss of the 
model at tunnel station 39.93 meters. 




Figure 3.- Sketch of cone-cylinder nacelle model showing internal sting arrangement for 
support of simulators. 
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Figure 5.- Sketch of model end support system with corresponding 
cross-sectional area distributions. 
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Afterbody Models 

A detailed sketch of a typical afterbody oodel and a table of 
dimensions for the four configurations are presented In figure 6. 

For the air powered portion of the Investigation (refs. 24 and 25) the 
Internal contour of each of the nozzles was essentially an ASME long- 
throat nozzle (ref. 39) modified to fit within dimensional constraints 
imposed by the external contour of each afterbody (length S and r as 
a function of s - fig. 6 - changed from the ASME contours as 

necessary to go from a fxxed internal diameter to the required exit 
diameter within the bounds set by the external contour of the boattail 
and the required space for tube routing and the length of the boattail). 
The throat (length t in fig. 6) was circular In cross section. 

Instrumentation and Tests 

The four afterbody models were equipped with static-pressure 
orifices distributed longitudinally on an equal-annular area basis at 
the locations given In table 1. The models had from 48 to 72 orifices 
(depending on configuration) which were connected to individual, 
remotely located, electrical strain gage pressure transducers. The 
simulators were each Instrumented with 16 static-pressure orifices 
at the locations given in table 2, These orifices wars connected to a 
pressure scanning valve installed In the model. All pressure 
transducers were calibrated to an accuracy of 40.5 percent of the 

capacity of the gage (static-pressure gages 1.72 x 10 N/m and 

4 2 5 2 

3.45 x 10 N/m ; jet total-pressure gages 6.89 x 10 N/m ). 
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Figure 6.- Detailed sketch of typical nozzle model with tables of geometric parameters and 
Internal coordinates. All dimensions are in centimeters unless otherwise noted 
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Table 1 

AFTERBODY -SURFACE ORIFICE IOCATIONB 


0, deg 


x/1 

x/dm 

0 

30 

60 90 

120 

135 

150 

180 

225 

315 






CONFIGURATION 

1 





0 

0 

X 


X 

X 



X 

X 

X 

X 

209 

.570 

X 

X 


X 

X 



X 



366 

.647 

X 


X 

X 



x 

X 



I78 

.845 

X 

X 

X 

X 

X 


X 

X 

X 

X 

572 

1.012 

X 

X 

X 

X 

X 


— 

X 



657 

1.162 

X 

X 

X 

X 

X 



X 



757 

1.505 

X 

X 

X 

X 

X 



X 

X 

X 

815 

1. 44o 

X 

X 

X 

X 

X 



A 



891 

1.576 

X 

X 

X 

X 

X 



X 



969 

1.714 

X 

X 

X 

X 

X 


X 

X 

X 

X 






CONFIGURATION 

2 





0 

0 

X 

X 

X 

X 


X 


X 

X 

X 

234 

■ 551 

X 

X 

X 

X 


X 


X 



loo 

.615 

X 

X 

X 

X 


X 


X 



555 

.802 

X 

X 

X 

X 


X 


X 

X 

X 

64o 

.961 

X 

X 

X 

X 


X 


X 



756 

1.104 

X 

X 

X 

X 


X 


X 



825 

1.238 

X 

X 

X 

X 


X 


X 

r 

X 

911 

1.367 

X 

X 

X 

X 


X 


X 



972 

1.458 

X 

X 

X 

X 


X 


X 








CONFIGURATION 

3 





0 

0 

X 

X 

X 

X 


X 


X 

X 

X 

271 

.4o6 

X 

X 

X 

X 


X 


X 



474 

.711 

X 

X 

X 

X 


X 


X 



618 

.928 

X 

X 

X 

X 


X 


X 

X 

X 

74l 

1. Ill 

X 

X 

X 

X 


X 


X 



651 

1.276 

X 

X 

X 

X 


X 


X 



955 

1.432 

X 

X 

X 

X 


X 


X 

X 

X 


CONFIGURATION 4 


0 

0 

X 

X 

X 

X 

X 

X 

270 

.540 

X 

X 

X 

X 

X 

X 

475 

946 

X 

X 

X 

X 

X 

X 

618 

1.235 

X 

X 

X 

X 

X 

X 

74 o 

i.48o 

X 

X 

X 

X 

X 

X 

850 

1. 701 

X 

X 

X 

X 

X 

X 

954 

1.909 

X 

X 

X 

X 

X 

X 


X 
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Table 2 

SIMULATOR-SURF* "E ORIFICE LOCATIONS 


CONFIGURATION 1 

CONFIGURATIONS i 
2 AND 3 I 

CONFIGURATION 4 

x/f 

*/ d _ 

ID 

x/i 


— 

x/i 

x/d « 

1.047 

x. 851 

1.056 

1.583 

1.042 

2.083 

1.094 

1.935 

1.111 

1.667 

1.083 

2.167 

1.141 

2.018 

1.167 

1.750 

1.125 

2.250 

1.189 

2.101 

1.222 

1.833 

1.167 

2.333 

1.236 

2.185 

1.278 

1.917 

1.208 

2.417 

1.283 

2.268 

1.333 

2.000 

1.250 

2.500 

1.330 

2.351 

1.389 

2.083 

1.292 

2.583 

1.377 

2.435 

1.444 

2.167 

1.333 

2.667 

1.424 

2.518 

1.500 

2.250 

1.375 

2.750 

1.471 

2.601 

1.556 

2.333 

1.417 

2.633 

1.519 

2.685 

1.611 

2.417 

1.458 

2.917 

1.566 

2.768 

1.667 

2.500 

1.500 

3.000 

1.660 

2.935 | 

1.778 

2.667 

1.583 

3.167 

1.754 

3.101 

1.889 

2.833 

1.667 

3.333 

1.848 

3.268 

2.000 

3.000 

1 750 

3.500 

1.943 

3.435 

2.111 

3.167 

1.833 

3.667 


All tests were conducted In the Langley 16-foot transonic tunnel 
at Mach numbers from 0.40 to 1.30 at an angle of attack of 0*. Model 
attitude was set so ae to account for tjnnel upflow, but no account 
was taken of possible sting deflection which was found to be 
extremely small. Boundary layer transition on the model wee fixed by 
a 0.254- cm strip of No. 100 grit, 2.54 cm from the nose* in accordance 
with the techniques described in references 40 and 41. 

Since the Langley 16-foot, transonic tunnel is an atmospheric 
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tunnel the tunnel f ree-stream conditions will vary according to the 
ambient conditions. The range of free-atream conditions versus Mach 
nuober Is shown In figure /. To keep the variation In tunnel total 
temperature as small as possible data were taken at the highest Mach 
number first and then at progressively lower Mach nuabers . For each 
Mach number at which data were required the tunnel conditions were set 
and allowed to stabilize at which time a nimber of frames of data were 
taken, the average of which was used to compute the desired 
coefficients. An average of a umber of frames of data was used 
because the 16- foot tunnel has a small cyclic variation in the flow 
with a period of about 10 seconds and it was felt that an average 
of a number of frames would give the best answer. 

Data Seduction 

Pressure drag coefficients were computed from the measured 
pressures on each boat tall. These coefficients are based on maximum 
cross-sectional area of the model and were obtained from the pressure 
data by assigning an equal annular area to each orifice In the top 
row and computing them from the equation: 

- dr i*-i <p -' 

The top row of orifices was used exclusively because of the 
possibility of support-strut Interference. In references 24 and 25 
it was reported that the data from the # ■ 0* row of orifices could he 
assumed to be Interference free, and unpublished data from the present 




Figure 7.- Bend of the free stream peremetere encountered during the lnveetlgetlon 
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Investigation which compared pressures on these boattails aounted on 
the sting-strut with pressures on the saae boattails aounted on a 
sting support this belief. No atteapt was aade to include the forces 
on the small rim at the nozzle exit between d. and d (see fig. 6). 



CHAPTER III 

RESULTS AND DISCUSSION 

Pressure distributions The jet exhaust plume affects the 
afterbody boattail pressures In two ways: by the entrainment of 

external air flowing over the boattail and by the solid blockage or 
shape effect of a body downstream of the boattail. These two 
phenomena result In opposite effects on the boattail pressure 
distributions. The entrainment of the external flow causes a 
reduction in the afterbody pressure coefficients while the solid 
blockage effect causes a rise in the afterbody pressure coef ficlent* . 

In trying to model the effects of the jet exhaust on the afterbody both 
of these phenomena should be taken into account. However, at the 
present time It Is Impossible to predict the entrainment of any given 
jet. Therefore, the use of circular cylinder simulators Is, at best, 
a compromise in that the jet entrainment effects will not be simulated 
and only the plume shape of a nozzle operating at Its design point 
will be matched (strictly true only at static conditions due to the 
effect of the body induced flow angle of the external flow on the 
plume shape, that Is, the flow over the boattail is parallel to the 
boattail surface and thus has a finite momentum directed toward the 
center of the jet when It leaves the end of the boattail). 

Fortunately this compromise Is not too bad, especially for the higher 
subsonic Mach numbers. Most subsonic transport aircraft and flghtsrs 
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at subsonic cruise utilize convergent nozzles and turbofan engines 

which operate In a range of jet total-pressure ratios near the 

convergent nozzle design point of about 2 (see fig. 20). Also the 

data of references 24 and 25 show that there are no significant 

variations in afterbody boattall drag levels with jet total-pressure 

ratio until well past a jet total-pressure ratio of about j, As a 

result, simulating the design point jet total-pressure ratio 

(p ,/p * 2) with the solid cylinder simulator should result In an 

t» 3 00 

error in drag due only to the missing entrainment effect and the 
effect of the body Induced flow angle on the jet plume. 

Shown In figures 8 to 11 are comparisons of the afterbody 
pressure coefficient distributions for the four configurations of 
this paper obtained through the use of simulators of varying diameters 
(dg/d^ of 1.00 , 0.98, 0.88, and 0.82 for configuration 1 and d^d^ 
of 1.00 and 0.82 for configurations 2, 3, and 4) with pressure 
distributions from references 24 and 25 which were obtained with high 
pressure air (at p ,/p * 2) as the exhaust medium. Simulators of 

t f J ® 

smaller than exit diameter were utilized in an attempt to lessen the 
blockage effects and as a result simulate the combination of 
blockage and entrainment effects. The pressure coefficient 
distributions on the simulators themselves are shown for information. 

Figure 8 presents the simulator- jet-on comparisons for 
configuration 1 (i/d ■ 1.77, d /d ■ 0.50). At the lower Mach numbers 

ft 6 ® 

(eg. M * 0.40 and 0.60) entrainment has s larger effect on the afterbody 
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pressure coefficient distribution than It does at the higher subsonic 

Mach numbers where the exhaust and free stream have close to the same 

velocity (eg. M ■ 0.85 to 0.96). As a result, the jet-on pressure 

coefficient distributions at the low Mach numbers are more closely 

represented by one of the smaller diameter simulators than by the 

d /d * 1.00 simulator while those at the higher subsonic Mach nunbers 
8 8 

are most closely represented by the d /d * 0.98 simulator. At the 

s e 

supersonic Mach numbers investigated, the boattall pressure 
coefficients upstream of the shock (shock located at approximately 
x/d • 1.45 for this configuration) are about the same for all the 

HI 

simulators and for jet-on while downstream of the shock In the 

separated region (shock Induced separation) the jet-on pressure 

coefficients generally fall between the pressure coefficients for the 

d /d ■ 0.98 and d /d ■ 0.88 simulators. However, use of one of the 
s e 8 e 

larger diameter simulators at all Mach numbers would generally result 

In pressure coefficient distributions with the correct shape and 

minimum pressure coefficient satisfactory for preliminary design work. 

The same general comments are valid for the other three 

configurations (1/d » 1.50, d /d - 0.60; i/d « 1.50, d /d ■ 0.70; 

on e m m e a 

and i/d » 2.00, d/d ■ 0.70) In figures 9, 10, and 11. Also, by 

examining the various pressure coefficient distributions at any given 

subsonic Mach number It becomes apparent that as the boattall angle 

and the resultant Inflow Into the plume are reduced so Is the effect of 

the entrainment and as a result the pressure coefficient distributions 

obtained with the larger diameter simulators (eg. d /d » 0.98 and 1.00) 

s e 



22 


more closely natch the jet-on (p ./p * 2) date since they more 

J ® 

closely natch the plume blockage effect. 

Comparison with theory .- There are several theoretical techniques 
available with which to predict afterbody pressure distributions 
(refs. 26 to 35). One of the most widely used and one of the most 
recent are given in references 26 and 2? respectively. These methods 
are both inviscid solutions but utilize different solution techniques. 
Reference 26, which is a relatively inexpensive method in terms of 
computer time and cost, utilizes distributed sources and sinks on the 
body surface to calculate the flow-field and resulting body pressure 
distribution* In order to simulate jet effects with this method the 
jet plume shape must be .specified and input like a solid body 
downstream of the nozzle exit. Reference 27 utilizes a stream tube 
curvature analysis in which an initial grid of streamlines and 
orthogonals is set up and then refined in an iterative solution 
(relatively expensive in computer tine and cost). This method has the 
capability of calculating its own plume shape for low jet total- 
pressure ratio exhaust flows so that only jet total-pressure, total- 
temperature, and exit Mach nuaber need be specified in order to 
simulate a jet exhaust (plumes resulting from this calculation are 
very dose to cylindrical). Since these methods are inviscid 
solutions they do not take into account the boundary layer development 
on the afterbody. This can often result in neglecting a significant 
contribution to the resultant pressure distribution. In an attempt 














Figure 8.- Continued 
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(d) M - 0.92 and 0.94 
Figure 8,- Continued. 




• *» 


28 




a) H - 1.20 and 1.30 
Figure 8.- Concluded. 














Figure 9.- Continued 
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Figure 9.- Concluded 
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Figure 10.- Continued 
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Figure 10.- Continued 
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Figure 11.- Continued 








Cc) M - 0.85 and 0.90 
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0.92 and 0.94 







Figure 11,- Continued 
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to account for the contributions due to boundary layer development the 
method of reference 26 has been modified at "he Langley 16-foot 
transonic tunnel by the addition of an Iterative boundary layer 
solution which was adapted from reference 34 (modified Reshotko- Tucker 
solution). Although this particular solution was used because of the 
relative ease In adapting an existing computer program there axe 
several other boundary layer solutions which could be adapted to serve 
the same purpose (eg. refs. 42 to 47). Reference 27 discusses a 
boundary layer solution which Is used In conjunction with its In viscid 
solution, however thl. program Is still under development and the 
boundary layer solution does not work correctly for most configurations 
at the present time. 

Figures 12 to 15 ptcc£ut comparisons of the afterbody pressure 
coefficient distributions for the four configurations of this paper 
obtained both jet-on at a Jet total-pressure ratio of two and with the 
dg/d^ >1.00 simulator at various Mach numbers with the pressure 
coefficient distributions as predicted by the theoretical methods. In 
all cases the solid body used to simulate the Jet plume shape for the 
method of reference 26 was a circular cylinder with the diameter of the 

cylinder equal to the exit diameter of the nozzle (same as d /d ■ 1.00 

® £ 

simulator) . 

Figure 12 presents the pressure coefficient distribution 
comparisons for configuration 1 (i/d * 1.77, d /d " 0.50 ) at six 

ID C B 

subsonic Mach numbers from 0.40 to 0.90. At all Mach nuebers except 
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M * 0.90 the aethod of reference 26 predicts the ninlw pressure 
coefficient on the boat tail very well and the general shape of the 
curve fairly well. Since this Is an lnviscld solution which neglects 
such things as the boundary layer "filleting” corners the predicted 
pressures near the boat tail trailing edge are too high because a 
concave corner such as between the boattail and the assumed 
cylindrical pline results In the theory predicting a stagnation point. 
At M • 0.90 the theory under-predicts the peak negative pressure 
coefficient by a slight amount. This is probably due to the 
Inadequacy of the Goethert similarity rule used In the solution at 
this transonic Mach maber. The addition of the boundary layer 
solution to this aethod virtually eliminates the problem of the 
stagnation point at the trailing edge; however* it does result In the 
predicted boattail pressure coefficients being too high (It must be 
noted that the program would not run for configuration 1 at Mach 
numbers of 0.80* 0.85* and 0.90 and for configuration 2 at Mach 
numbers of 0.85 and 0.90 and* as a result* no boundary layer curves 
are shown for those conditions.). 

The method of reference 27 produces varied results; at some Mach 
numbers the predicted pressure coefficients are lower than those 
obtained with the jet operating or with the plume simulators while 
at other Mach numbers It predicts pressure coefficients that are too 
high* The reason for this Is that the program sets up a grid of 
streamlines and orthogonals at a given Mach number and refines It 
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until certain convergence criteria are met at which point It produces 
ansvers and proceeds to the next Mach number. At the next Mach 
number it starts with the already developed grid and does any further 
refinement necessary, produces answers, and starts the process over 
again. However, in most Instances the refinement criteria are not 
sufficiently stringent and thus the same grid will satisfy the 
equations of motion for more than one Mach number and when this occurs 
the predicted pleasure coefficient distributions will be essentially 
the same for both Mach numbers. It is at the Mach numbers where the 
grid has changed that the program predicts pressure coefficients lower 
than the data while an increase in Mach number above this but before 
the next grid refinement will result in a decrease in the measured 
pressure coefficients with the predicted coefficients remaining the 
same and thus changing the relationship of the two curves. In 
addition, this theory also predicts pressure coefficients that are 
too high in the region near the boattail trailing edge but they are 
not as high as those predicted by the method of reference 26. 

Similar statements can be made for the comparisons for the other 
three configurations (figs. 13, 14, and 15). The theory of reference 
26 does a reasonably good job of predicting the minimum pressure 
coefficient reached on the afterbodies but does a poor job at the 
trailing edge where it predicts a stagnation point. The addition of a 
boundary layer solution to this theory eliminates the problem with the 
trailing edge stagnation point but causes the whole pressure 
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coefficient distribution to be slightly high. Pressure coefficient 
distributions from the method of reference 27 are s one tines too low, 
sometimes too high, and have a slight problem at the boattall trailing 
edge but not as large as those obtained with the nethod of reference 
26. In summary, these theoretical techniques do a reasonably good 
job of predicting the afterbody pressure coefficient distributions for 
these unseparated afterbodies but not as good a job as the d^/d^ ■ 1.00 
simulators. In addition, the Integrated boattall pressure drag 
values which would be calculated from these theoretical pressure 
distributions would. In general, predict afterbody drags nuch lower 
than the jet-on, p /p » 2 drag for all configurations and 

t,j ®° 

therefore be unsatisfactory for drag estimation. Also, if separation 
occurs on an afterbody such as the configurations of references 24 and 
25 not treated herein the theoretical pressure coefficient distribution 
predictions would be considerably more In error and the resultant 
afterbody drag values would be totally unrealistic. 

Boattall drag. - Figures 16 to 19 show curves of boattall pressure 
drag coefficients as a function of jet total-pressure ratio (p ./p ) 

t,j * 

from references 24 and 25 with the pressure drag coefficients obtained 

using the simulators superimposed on them. As rnent* ned before, 

configuration 1 (1/d * 1.77, d /d ■ 0.50) was tested with four 

in 6 m 

simulator diameters (d /d * 1.00, 0.98, 0.88, and 0.82) while the 

other three configurations were tested with only the d /d » 1.00 and 

8 8 

0.82 simulators. Vlth the exception of configuration 2 (i/d^ ■ 1*50, 
de/djn ■ 0.60) at M ■ 0.40 the drag coefficients obtained with the 
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Figure 12.- Comparison of pressure coefficient distributions obtained by use of the theoretical 
techniques of references 26 and 27 with those obtained from Jet operation at 
P t ^j/p. ** 2 and from use of the d^/d^ - 1,00 simulator for configuration 1 

(A/d m * 1.77, d/d_ - 0.50). 




Figure 12.- Continued 











Figure 12.- Concluded 
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Figure 13.- Continued 




55 



Figure 13.- Concluded 
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Figure 14.- Continue! 




Figure 14.- Concluded 
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Figur* 15.* Continued 
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Figure 15.- Concluded 






62 


d g /d e * 0.82 simulators were always higher than any jet-on drag 

coefficients obtained for the corresponding configurations at any 

Mach number. The drag coefficients obtained with the d /d - 0.88 

6 e 

simulator tested with configuration 1 were also higher than any jet-on 
drag coefficients with the exception of the Mach numbers of 0.40 and 
0.60. Also for configuration 1, the boattail drag coefficients 
obtained with the d /d » 0.98 simulator generally crossed the 

S 6 

C n 0 vs. p , /p_ curve at a jet total-pressure ratio of between 1 
and 2 at subsonic speeds and about a jet total-pressure ratio of 3 at 
supersonic speeds. 

These results are generally as expected based on the pressure 

distributions. The smaller diameter simulators (d /d » 0.82 and 0.88) 

s e 

more closely match the drag coefficient levels at the low Mach numbers 

where the entrainment effects are large and these entrainment effects 

reduce the beneficial blockage effect of the full jet plume. The 

large diameter simulators (d /d “ 1.00 and 0.98) more closely match 

8 6 

the drag coefficients at the higher Mach numbers where the entrainment 

effects are not as great. However, use of the d /d * 1.00 simulators 

8 8 

generally results in drag coefficient values corresponding to jet 
total-pressure ratios in the range of 2 to 3. Fortuitously, this Is 
the typical operating range for subsonic transport aircraft and for 
fighter-type aircraft at subsonic cruise conditions as evidenced by 
the two typical curves of operating jet total-pressure ratio as a 
function of Mach number shown in figure 20. Therefore the drag 
coefficient data thus obtained by use of a model with the simulators 
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(a) M * 0.40 to 0.94 

Figure 16.- Comparison of Integrated boattail pressure drag coefficients 
obtained through use of the simulators with jet-on values 
for configuration 1 (Jl/d. * 1.77, d /d ■ 0.50). 

m ft IQ 






























(a) M - 0.40 to 0.80 

Figure 18.- Comparison of Integrated boattall pressure drag coefficients 
obtained through use of the simulators with jet-on values 
for configuration 3 (£/d * 1.50, d /d ■ 0.70). 












(c) M - 0.96 to 1.30 
Figure 18.- Concluded 
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would provide useful information for early design pertaining to the 

jet-on operation of the aircraft configuration especially when 

compared to having to rely on drag data obtained at jet-off conditions. 

To further illustrate the capability of the simulators to provide 

reasonable approximations of the drag coefficients for an afterbody 

configuration with jet operation the boattail drag coefficients 

obtained with the simulators have been plotted as a function of Mach 

number and compared with Jet-on p / p “2 (design point - where the 

t» J 00 

plume should be a cylinder with a diameter equal to the exit diameter) 
drag coefficient data from references 24 and 25 in figures 21 to 24. 

The comparisons for a given configuration are initially shown with the 
drag coefficient data for an individual afterbody-simulator configura- 
tion compared to the jet-on data and then the drag coefficient data 
for all the simulators tested with the particular afterbody 
configuration in question are shown together with the jet-on drag 
coefficient data for that configuration (where all the simulators are 
plotted together the jet-on data points are filled for ease in reading 
the figure). As was concluded from the previously presented data it 

is evident that the larger diameter (d /d * 0.98 and 1.00) simulators 

8 e 

more closely mi tch the jet-on drag coefficients -or ill four 


configurations for a greater range of Mach numbers and, in particular. 


for the more important transonic range of Mach numbers than do the 

smaller diameter simulators (d /d >0.82 and 0.88). To be able to 

s e 

choose one simulator diameter. for general use to reach a compromise 
between plume blockage and entrainment effects would require 
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additional tests with both the d / d * 1.00 and 0.98 simulators and 

s e 

simulators of slightly smaller diameter (down to possibly d /d * 0.95) 

s e 

with a greater number of configurations. However* the present results 

dr- Indicate that the simulators can be an effective tool to gain 

information about the jet-on drag characteristics of an afterbody 

configuration both quickly and relatively inexpensively. 

Additionally, figure 25 shows cross-plots of the jet-on urag 

coefficient data from references 24 and 25 for the four configurations 

of this paper at the transport jet total-pressure ratio schedule of 

figure 20 compared to the drag coefficient data obtained using the 

various simulators with those configurations. Again, the larger 

diameter simulators (d / d " 0.98 and 1.00) more closely match the jet- 

8 8 

on drag coefficients for all four configurations for a larger range of 

Mach numbers and for those Mach numbers in the critical high subsonic 

regime than do the smaller diameter (d /d * 0.82 and 0.88) simulators. 

s e 

This similarity to the p ,/p * 2 comparisons is due to the 

t, j 00 

following: The jet total-pressure ratio schedule of figure 20 does 

not vary too far from a P„ ./p-. of 2 for the range of subsonic Mach 

numbers tested, and the jet-on drag coefficients for these afterbodies 

do not vary significantly from the p ,/p » 2 values of jet total- 

t, J 00 

pressure ratios near 2. 
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Figure 21.- Continued. 
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Figure 21.- Continued. 
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Figure 21.- Concluded. 
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Figure 22.- Concluded 
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Figure 23.- (' .eluded 
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Figure 25.- Comparison of Integrated boattall pressure drag coefficients obtained through use 
the simulators with Jet-on values ac the transport jet total-pres«rre schedule of 
figure 20. 




Continued 



Configuration 3 tl/d *1.50, d /d *0. 70) 
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Figure 25.- Concluded. 






CHAPTER IV 
CO: CLUDING REMARKS 

An investigation at 0* angle of attack has been conducted in the 

Langley 16-foot transonic tunnel at Mach numbers fro® 0.40 to 1.30 

to determine the effectiveness of utilizing solid circular cylinders 

to simulate the jet exhaust plume effects on a series of four isolated, 

nonseparating, circular arc afterbodies. The results of this 

investigation indicate three primary conclusions : 

1. Use of the jet plume simulators resulted in boattail 

pressure coefficient distributions dose to jet-on (p fc j/P„ “ 2) 

pressure coefficient distributions for all configurations at all Mach 

numbers. The smaller diameter simulators (d /d * 0.82 and 0.88) 

8 8 

generally produced pressure coefficient distributions which more 
closely matched the jet-on distributions at low subsonic Mach nunbers 
(eg. M ■ 0.40 and 0.60) where entrainment effects are large. The 
larger diameter simulators (d g /d e ■ 0.98 and 1.00) generally more 
closely matched the jet-on pressure coefficient distributions at the 
higher subsonic Mach numbers (eg. M - 0.80 to 0.96) and transonic Mach 
nunbers where the blockage effect predominates. However, use of one 
of the larger diameter simulators at all Mach nunbers would generally 
result in pressure coefficient distributions with the correct shape 
and minimum pressure coefficient satisfactory for preliminary 
design work. 
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2. Comparisons of the integrated pressure drag values obtained 

through use of the simulators with those jet-on values from the 

references follow the same trends as the pressure coefficient 

distribution comparisons. At the lower Mach numbers the small 

diameter simulators (d /d « 0.82 and 0.88) match drag coefficients 

s e 

more closely while at the higher Mach numbers the larger diameter 

simulators (d /d ” 0.98 and 1.00) are s o m ew hat better. Again, use 
s e 

of the large diameter simulators for all Mach numbers would probably 
result in integrated drag coefficients which would be of value in the 
early design stages of an aircraft configuration. Choice of a 
simulator /exit diameter ratio to most accurately simulate the dual 
plume effects of blockage and entrainment for general use would 
require further testing with a number of simulators and additional 
afterbodies . 

3. Both of the theoretical techniques evaluated _a a part of 
this investigation gave reasonably good approximations to the correct 
pressure coefficient distributions when compared with the jet-on 
distributions from the references although both predict a stagnation 
point at the boattall trailing edge. The method of reference 26 would 
probably be preferred for its consistency in predicting the peak 
negative pressure coefficients reached on each boattall for most Mach 
numbers. It must be noted that, although the pressure coefficient 
distributions were reasonable, the resultant pressure drag coefficients 
were unsatisfactory. 
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